Whereas past work indicates that cortical interneurons (cINs) can be generically produced from stem cells, generating large numbers of specific subtypes of this population has remained elusive. This reflects an information gap in our understanding of the transcriptional programs required for different interneuron subtypes. Here, we have utilized the directed differentiation of stem cells into specific subpopulations of cortical interneurons as a means to identify some of these missing factors. To establish this approach, we utilized two factors known to be required for the generation of cINs, Nkx2-1 and Dlx2. As predicted, their regulated transient expression greatly improved the differentiation efficiency and specificity over baseline. We extended upon this ''cIN-primed'' model in order to establish a modular system whereby a third transcription factor could be systematically introduced. Using this approach, we identified Lmo3 and Pou3f4 as genes that can augment the differentiation and/or subtype specificity of cINs in vitro.
INTRODUCTION
The mammalian cortex is comprised of two main classes of neurons: excitatory long-range projection neurons (pyramidal cells) and inhibitory ''short axon cells '' (cortical interneurons, cINs) . Numerous lines of evidence suggest a role for interneurons in regulating cortical rhythmicity, spike timing, and signal refinement, all of which are necessary for proper cortical circuit function (Cardin et al., 2009; Fino and Yuste, 2011; Klausberger and Somogyi, 2008; Kvitsiani et al., 2013; Lapray et al., 2012) . Indeed, a number of disorders, such as schizophrenia, autism, bipolar disorder, and epilepsy, have cIN dysfunction and misregulation implicated as the possible underlying etiology (Belforte et al., 2010; Chao et al., 2010; Curley and Lewis, 2012; Fazzari et al., 2010; Konradi et al., 2011; Wang et al., 2011) . Their involvement in various brain activities and disease states is not altogether surprising when one considers that as a group cINs are highly heterogeneous by a number of measures, including morphology, marker expression, and intrinsic electrophysiology, which themselves are a reflection of the diverse ways that they can impact neural function (Ascoli et al., 2008; Kawaguchi and Kondo, 2002) . Therefore, given their importance, it would be of considerable value to be able to generate specific subclasses of cINs from stem cells in large numbers. This is an inherently difficult task, however, because the means by which different subtypes of cINs are developmentally specified is still only poorly understood.
Current methods for identifying cIN genes employ expression databases and bioinformatic screens as well as mouse genetic loss-of-function studies. With the former, a long list of candidate genes is produced, with only limited means to identify which merit follow-up analysis. The latter involves using mouse genetics, which is costly, time-consuming, and cannot detect genes with functional redundancy. To complement these existing approaches, we therefore wished to establish an ES cell-based gain-of-function (GOF) model system whereby transcription factors expressed early in cIN development can be systematically screened in vitro and subsequently transplanted in utero to assess their impact on cIN differentiation and subtype fate. We anticipated that this method would expand the capacity to efficiently screen through a large number of candidate genes, while also establishing functional criteria for identifying candidates that enable the production of pure populations of cIN subtypes and/or warrant further examination by mouse genetics.
Recent work has demonstrated that the differentiation of ES cells can be precisely directed to produce specific cell types within the nervous system, including spinal cord motor neurons, hypothalamic neurons, and cortical pyramidal cells Gaspard et al., 2008; Wataya et al., 2008; Wichterle et al., 2001) . For instance, it has recently been demonstrated that ES cell-generated pyramidal cells expressed proper layer markers and projection patterns and are produced in the correct temporal sequence. In fact, they were produced with specific enough fidelity that they integrated and established appropriate afferent connectivity upon transplantation Gaspard et al., 2008) . Similar efforts to produce cINs in large numbers and at high purity have proven problematic with current differentiation protocols (Maroof et al., 2010) , although improvements have recently been described (Maroof et al., 2013; Nicholas et al., 2013) .
In an effort to boost differentiation efficiency, several groups have employed transcription factors to help guide ES-derived neural stem cells as well as somatic cells, such as fibroblasts, along signaling cascades normally used in development. This approach has been effective for generating midbrain dopaminergic neurons (Andersson et al., 2006; Martinat et al., 2006; Panman et al., 2011) and more recently in generating motor neurons (Lee et al., 2012; Mazzoni et al., 2013; Son et al., 2011) . Building on these approaches, we sought to combine current genetic insights regarding intrinsic and extrinsic factors utilized in vivo for the generation of cINs and complement this with a forward genetic candidate approach.
We began this effort by determining if combinations of key factors known to be important in cIN development could be leveraged in a similar manner to transcriptionally specify ES cells to cINs of specific subclasses. Nkx2.1 has been shown to be critical for directing cIN identity and, upon exiting the cell cycle, for the selection of cIN subtype (Sussell et al., 1999; Butt et al., 2008; Nó brega-Pereira et al., 2008) . Either constitutive or conditional removal of Nkx2-1 from the MGE results in a transfating of cortical interneurons produced from this structure to a CGE identity. In addition, members of the Dlx family of genes (Dlx1, 2, 5, and 6) are present in the subpallium and are well recognized to be required for both cIN migration and more generally GABAergic neuronal fate (Anderson et al., 1997; Cobos et al., 2007; Stü hmer et al., 2002a) . Therefore, these two genes clearly play critical roles in both identity and positioning.
We therefore transcriptionally reprogrammed ES cells by sequential expression of Nkx2-1 followed by Dlx2, in a manner closely recapitulating that observed in vivo. Consistent with their prominent in vivo roles in the generation of cINs, we find that the efficiency of directing ES cell differentiation into cINs can be greatly enhanced. We then used this cIN-primed ES cell system to screen candidate transcription factors selected on the basis of being expressed in cIN progenitor zones but of unknown function. In total, 12 genes were tested in vitro. Of these, both LMO3 and Pou3f4 facilitated the differentiation of cINs. Whereas Pou3f4 greatly improved the efficiency of ES cell cIN differentiation in general, LMO3 augmented the differentiation of the MGEderived basket cell population. Importantly, this result reliably predicted the phenotype of the LMO3 null mouse, which subsequent analysis revealed to have diminished basket interneuron numbers.
RESULTS

ES Cell-Derived Cortical Interneurons Exhibit Properties of In Vivo cINs
Cortical interneuron progenitors engrafted in utero into their site of origin exhibit a specialized migratory behavior into the neocortex (Butt et al., 2005; Nery et al., 2002; Wichterle et al., 2001) . As a functional assay of cIN fate, we therefore began by testing whether neural progenitors derived from ES cells were capable of similar migration. Neural stem cells, differentiated at 90% efficiency as determined by Sox1-eGFP ES reporter line (gift from A. Smith, University of Cambridge) (Ying et al., 2003) , were transplanted into MGE in utero, but despite successful transplantation (cells could be identified at the transplant site at postnatal day 21), none were ever found in the neocortex or hippocampus (Figure S1 available online). We therefore conclude that without further differentiation, neural stem cells per se do not efficiently become cortical interneurons. It also indicates that our in vivo transplantation approach provides a stringent test for the production of bona fide ES-derived cortical interneurons.
In their work, Watanabe et al. (2005) have demonstrated that mouse ES cells can be directed toward a telencephalic progenitor fate through early suppression of Wnt signaling. Moreover, as suggested by previous work on spinal cord (Wichterle et al., 2002) , these cells become ventralized in the presence of sonic hedgehog (Shh) to give rise to subpallial progenitor populations (Watanabe et al., 2005) . This work provided compelling in vitro evidence for ES-derived ventralized telencephalic progenitors being capable of becoming cINs. To test the fidelity of these cells to give rise to cINs, we transplanted them in utero and examined their fate postnatally. As a means to track the cells, we generated a pan-eGFP-expressing ES cell line by recombining out the stop cassettes from the RCE dual ES cell line, used previously to generate the RCE dual reporter mouse (hereafter referred to as the RCE line) (Miyoshi et al., 2010; Sousa et al., 2009) . RCE ES cells were differentiated as previously described (Watanabe et al., 2005) to generate ventral telencephalic progenitors (Figures 1A-1C) , a large proportion of which (approximately 50%) differentiated into GABAergic neurons ( Figure 1D ). At 11 days postdifferentiation, RCE embryoid bodies (EBs) were dissociated and transplanted into the MGE of e13.5 host embryos by UBM ( Figure 1E ). Three days after transplantation, the ventral injection site contained eGFP+ cells, from which unipolar and multipolar cINs were observed migrating dorsally into the host cortex ( Figures 1F, 1F 0 , and 1F 00 ). When analyzed postnatally, ES-derived cINs were observed in the cortex and expressed GABA ( Figure 1G ) as well as cIN subtype markers, including parvalbumin (indicative of MGE-derived cINs) and reelin (indicative of CGE-derived cINs) (Figures 1H and 1I) . Although this provided proof of principle that cortical interneurons can be derived from ES cells in vitro, the efficiency of the transplanted cells to migrate to the cortex and assume cIN identity was extremely low (less than 1%).
Establishing an ES Cell Reporter Line for Cortical Interneuron Differentiation
Using these previously established methods as a starting point, it is clear that, contrary to unspecified neural stem cells, at least a small proportion can be differentiated into cortical interneuron progenitors by exposure to appropriate extrinsic signaling factors-progenitors that demonstrate appropriate migratory behavior and exhibit mature cIN phenotypes. However, when compared with MGE transplants, the efficiency of successfully engrafted cINs was found to be at best marginal. To improve upon these baseline conditions, we first generated a transgenic reporter ES cell line in order to readily gauge successful differentiation ( Figure S2 ). This was accomplished by using the Dlx5/6 intergenic element to drive eGFP expression (Stenman et al., 2003; Zerucha et al., 2000) . In vivo, the Dlx5-and Dlx6-expressing neuronal lineages encompass the entire neuronal output of the ventral telencephalon, including all cortical interneurons (Stü hmer et al., 2002b; Zerucha et al., 2000) , as well as a small population of dopaminergic projection neurons of the diencephalon (Andrews et al., 2003) . As a means of verifying reporter fidelity, we generated multiple clonal lines that were then blastocyst injected. At e16.5, founder analysis was performed to identify clones with appropriate and robust eGFP expression that strongly resembled wild-type Dlx5/6-expression (Figures S1A-S1E). Having identified a reliable reporter, we differentiated the reporter ES cell line (referred hereafter as Dlx5/6-eGFP) and dissociated the resultant EBs to generate a neuronal monolayer. Consistent with our previous transplantation results, which indicated that only a small proportion of transplanted cells migrated dorsally to become cINs, eGFP was expressed in only a very small percentage of neurons differentiated in vitro ( Figure S2F ).
Transcriptional Specification of ES Cells
Extrinsic factors have been used extensively to guide ES cell differentiation to a desired cell type, typically making use of cues normally present during embryonic development (reviewed in Muguruma and Sasai, 2012) . Indeed, when Shh was excluded from our culture conditions, eGFP+ neurons were completely absent upon differentiation of the Dlx5/6-eGFP line ( Figure S3 ). There are, however, inherent limitations with using extrinsic factors to guide ES cell fate. Shh, for example, is a morphogen whose graded expression influences cell fate in a concentration and temporally regulated manner, making reiteration of the precise timing and levels of Shh exposure within an in vitro environment extremely difficult, if not impossible. Indeed, whereas differentiation of some neuronal cell classes (motor neurons (E and F) Schematic of transplantation strategy: a pan-eGFP-expressing line was differentiated for 11 days and then dissociated and transplanted into MGE of wild-type e13.5 Swiss Webster embryos (E). Three days following transplantation (e16.5), eGFP+ unipolar migratory cells were observed migrating away from the transplant site (F) and into the cortex (F 0 and F 00 ).
(G-I) Other transplant recipients were analyzed at P7 (G) and were GABA positive, and others were analyzed at P19 and coexpressed eGFP and cortical interneuron subtype markers, parvalbumin (PV) (H), and reelin (I). See also Figure S1 .
and midbrain dopaminergic neurons most prominently) using extrinsic factors have met with success, other neuronal populations, including cINs have proven more problematic (Maroof et al., 2010) . We therefore explored the possibility that intrinsic transcriptional specification might augment our baseline conditions for Dlx5/6-eGFP+ neuronal differentiation by normalizing cellular response to extrinsic cues. To do so, we generated two additional transgenic ES cell lines in which we could sequentially direct the expression of transcription factors relevant to cortical interneuron development in a manner recapitulating normal developmental expression.
Nkx2-1 is a homeodomain transcription factor whose expression in the medial ganglionic eminence is critical for neuronal identity. Its removal, even shortly before MGE cells become postmitotic, is sufficient to alter cell fate, switching interneurons from an MGE to a CGE fate (Butt et al., 2008) . Conversely, sustained expression of Nkx2-1 alters migratory behavior so that interneurons are retained ventrally and innervate instead the striatum (Nó brega-Pereira et al., 2008). Thus, to recapitulate cIN development, it is important to tightly regulate Nkx2-1 such that its expression is extinguished concomitant to the stage in vivo when cIN progenitors exit the subventricular zone. In order to mimic endogenous Nkx2-1 regulation during cIN development, we employed the intron II regulatory element of Nestin (neural-specific Nestin enhancer) and a minimal promoter to regulate its expression ( Figure S4 ) (Zimmerman et al., 1994) . Nestin intron II is a widely used transgenic regulatory element, which is expressed in neural progenitors and is downregulated postmitotically. A similar approach was employed to drive the expression of Lmx1a in ES cells to direct their differentiation toward a midbrain dopaminergic cell fate (Andersson et al., 2006) .
Another gene known to be important in cIN development is Dlx2, also a homeodomain transcription factor, which is tightly linked with GABAergic character and cIN migration (Anderson et al., 1997; Cobos et al., 2007; Stü hmer et al., 2002a) . Its expression within cortical interneuron lineages lags slightly behind Nkx2-1, initiated as progenitors enter the subventricular zone and is retained briefly after Nkx2-1 has been extinguished (Eisenstat et al., 1999) . To mimic this genetic cascade, we included a tetracycline transactivator element (tTA2 s ) to be coexpressed along with Nkx2-1 (Urlinger et al., 2000) . As Nestin intron II becomes active, tTA2 s levels will build up until a sufficient amount is produced to bind to the tetracycline responsive element (TRE), which drives the expression of Dlx2 in trans. Because Nkx2-1 expression is induced under the influence of the neuronal nestin enhancer, while also producing tTA2 s , it results in delayed Dlx2 induction, approximating the timing of expression of these genes found in vivo ( Figure S4B ). Although tTA2 s transcription expires with the extinction of the Nestin enhancer, our hope was that the initial induction of Dlx2 would be sufficient to initiate the normal differentiation cascade seen in cINs.
To test this transcriptional specification strategy, we generated two transgenic ES cell lines using the Dlx5/6-eGFP reporter line as a starting point. The first line contains Nestin-Nkx2-1-IRES-tTA2 s (Nkx2-1 GOF), whereas the second contains both
Nestin-Nkx2-1-IRES-tTA2 s and TRE-Dlx2 (Nkx2-1/Dlx2 GOF) ( Figure 2A ). This approach allowed us to gauge the relative contribution of Nkx2-1 alone, or the combined effects of both Nkx2-1 and Dlx2 on cIN differentiation in our reporter line. (A) Schematic representation of transgenes introduced into a wild-type ES cell line. A parental line was produced by introducing (1) eGFP under the control of the Dlx5/6 intergenic region and a minimal promoter. To the parental line, two additional transgenes were sequentially introduced: (2) Nestin intron II with minimal promoter driving Nkx2-1-IRES-tTA2S and (3) tetracycline response element driving Dlx2. Therefore, three separate stable ES lines were established containing 1, 2, or all 3 transgenes: (1) Dlx5/6-eGFP, (2) Nkx2-1 GOF, and (3) Nkx2-1/Dlx2 GOF, respectively. (B) All three lines were differentiated for 11 days as embryoid bodies, and there was no observable difference in differentiation efficiency to telencephalic fate as measured by FoxG1.
(C) Nkx2-1 was strongly and broadly expressed in the large majority of nestin-expressing cells of Nkx2-1 GOF and Nkx2-1/Dlx2 GOF, whereas in Dlx5/6-eGFP, its expression was limited to small clusters. (D) Time course of Dlx2 expression in differentiating embryoid bodies by western blot. Dlx5/6-eGFP and Nkx2-1GOF both begin expressing Dlx2 at day 7 and have similar expression levels. Nkx2-1/Dlx2 GOF expresses Dlx2 in a similar time course at elevated levels. b-actin loading controls below each Dlx2 blot.
(E) Quantification of Nkx2-1 and Dlx2 levels in embryoid bodies normalized to b-actin loading controls during in vitro differentiation. Red asterisk denotes p < 0.05 for Nkx2-1 GOF over Dlx5/6-eGFP. Blue asterisk denotes p < 0.05 for Nkx2-1/Dlx2 GOF over Dlx5/6-eGFP. Data represented as mean ± SEM. See also Figures S2 and S4.
To confirm that the transgenes were indeed resulting in increased expression of Nkx2-1 and Dlx2, embryoid bodies differentiated from all three lines were analyzed ( Figures 2B-2D ). We observed no noticeable difference in telencephalic progenitor specification across the three lines, as measured by FoxG1 expression ( Figure 2B ). This was expected as FoxG1 is upstream of both Nkx2-1 and Dlx2. However, in both Nkx2-1 GOF and Nkx2-1/Dlx2 GOF, there was a robust increase in Nkx2-1 expression ( Figure 2E ), largely coinciding with patches of nestin-positive neural progenitors ( Figure 2C ). To gauge Dlx2 expression, protein lysates were prepared from embryoid bodies at different time points during differentiation. Dlx2 expression was increased in the Nkx2-1/Dlx2 GOF line, and it also occurred slightly earlier (day 5) than in Dlx5/6-eGFP and Nkx2-1 GOF, where a Dlx2 band was detected starting at day 7 ( Figure 2D ). In the case of Nkx2-1, levels dropped back to baseline by day 11, but with Dlx2, elevated levels were sustained. These findings were confirmed by quantitative western analysis ( Figure 2E ), which shows a 3-to 4-fold increase in Nkx2-1 expression in Nkx2-1 GOF and Nkx2-1/Dlx2 GOF lines over Dlx5/6-eGFP reporter alone. This expression was dynamically regulated over the course of differentiation. Furthermore, Dlx2 induction was sustained in Nkx2-1/Dlx2 GOF beyond that of Nkx2-1 GOF.
In Vitro Differentiation of Transgenic ES Cell Lines
As before ( Figure S2F ), day 11 embryoid bodies were dissociated and plated onto laminin to generate neuronal monolayers. Prior to dissociation, there was already a noticeable difference in eGFP expression between Dlx5/6-eGFP embryoid bodies transcriptionally specified. Indeed, when embryoid bodies were freshly dissociated and quantified by fluorescence-activated cell sorting (FACs) analysis for eGFP, there was a significant increase in reporter gene induction between Dlx5/6-eGFP (A) Representative images of neuronal monolayers generated from Dlx5/6-eGFP, Nkx2-1 GOF, and Nkx2-1/Dlx2 GOF lines; neuron-specific tubulin (red) and eGFP (green).
(B and C) Quantification of Dlx5/6-eGFP+ neurons by cell counts of 103 fields, normalized to mm 2 (B) or by FACS analysis (C), demonstrate a stepwise improvement in differentiation efficiency with Nkx2-1 GOF alone and Nkx2-1/Dlx2 GOF together. Dlx5/6-eGFP (IHC n = 6; FACS n = 4); Nkx2-1 GOF (IHC n = 5; FACS n = 4); Nkx2-1/Dlx2 GOF (IHC n = 5; FACS n = 4) (* p < 0.05; ** p < 0.01; *** p < 0.001). Data represented as mean ± SEM. See also Figures S2, S3 , and S4.
and Nkx2-1 GOF ( Figure S3 ). Reporter gene expression in EBs was largely similar between Nkx2-1 GOF and Nkx2-1/Dlx2 GOF until progenitors were dissociated and differentiated into neuronal monolayers, at which point there was a clear difference between the three cell lines, as measured by immunohistochemistry and FACs analysis (Figure 3 ). Transcriptional specification by Nkx2-1 strongly increased the number of Dlx5/6-eGFP+ neurons by approximately 10-fold. Dlx5/6-eGFP expression was further augmented by Dlx2 gain of function, nearly doubling Dlx5/6-eGFP expression when compared with Nkx2-1 alone.
Transcriptional Specification Results in Increased cIN Output while Also Influencing Subtype Fate
We next examined the in vivo neuronal output of the three transgenic lines. As with the pan-eGFP line ( Figure 1E ), each line was differentiated, dissociated, and transplanted individually into host e13.5 MGE and analyzed postnatally. Because cINs must tangentially migrate a long distance away from the site of transplantation to reach the cortex, this transplantation paradigm serves as a rigorous biological ''filter'' for cells that have successfully differentiated into bona fide cortical interneurons.
The first difference we observed across the three transplant groups was in the numbers of cortical interneurons that successfully migrated dorsally into the cortex. Similar to the RCE transplant results ( Figures 1F-1I ), the reporter line alone (Dlx5/ 6-eGFP) resulted in a small number of sparsely distributed cINs. There was, however, a significant enhancement in the total number of cINs present in the cortex with Nkx2-1 GOF, an effect that mirrored the increase in Dlx5/6-eGFP+ neurons when the lines were differentiated in vivo. This effect was even greater with the addition of Dlx2 (Nkx2-1/Dlx2 GOF), for which we observed a further increase in the number of cINs that reached the cortex ( Figure 4G ). In all transplants, the cells present in the cortex exhibited complex morphologies similar to those observed in cINs in vivo at P21 (Figures 4E, 4F , and S5) and approximately 90% transplanted cells could be accounted for by cIN subtype markers ( Figure S10B ). Despite some variance in numbers between experiments, in all transplant groups the distribution of cINs was largely similar, both with respect to anterior-posterior and medial-lateral axes ( Figure S5 ).
The second difference observed was in the cIN subtypes produced by the three transgenic cell lines. Cortical interneurons generated from the MGE and CGE are nonoverlapping populations, each readily distinguished by immunohistochemistry for parvalbumin, somatostatin, reelin, and vasointestinal peptide (VIP) (Figures 4A-4D ). MGE-derived cINs express parvalbumin, somatostatin, or somatostatin/reelin. CGE-derived populations can be identified by their expression of either reelin (but lacking SST) or VIP (Miyoshi et al., 2010) . In Dlx5/6-eGFP transplants we observed a near 1:1 ratio of both MGE and CGE class subtypes, as determined by immunohistochemistry, suggesting our baseline culture conditions did not bias toward either an MGE or CGE fate. There was, however, a significant enhancement ($75%) of MGE class cINs in both the Nkx2-1 GOF and Nkx2-1/Dlx2 GOF ( Figures 4H and 4I ). This was especially true of parvalbumin+ cINs, which significantly increased in proportion as a result of Nkx2-1 transcriptional specification ( Figure 4H ). Concomitantly, in both Nkx2-1 GOF and Nkx2-1/Dlx2 GOF conditions, CGE class reelin alone+ and VIP+ cINs were reduced as a proportion of the whole ( Figure 4H ). While under these conditions, there was a trend toward increased somatostatin+ MGE class cINs, but this did not reach statistical significance. positively regulate cIN fate, while also biasing the subtype specification toward MGE class interneurons. Additionally, transcriptional specification with both Nkx2.1 and Dlx2 did not have an additive effect on cIN subtype but did positively increase the numbers of cIN differentiation in general as measured by increased Dlx5/6-eGFP induction as well as increased tangential migration into the neocortex ( Figure 4G ).
Transplanted ES-Derived cINs Exhibit Normal Intrinsic Electrophysiological Properties
To bolster our analysis of transplanted cells, which had relied on marker expression and morphological characteristics, we tested for proper functional development and maturation of cIN identity by performing whole-cell patch-clamp electrophysiology on eGFP+ cells on acute brain slices cut from >P17 host mice. All the cells recorded in the three groups, Dlx5/6-eGFP, Nkx2-1 GOF, and Nkx2-1/Dlx2 GOF, displayed age-appropriate resting membrane potential (À63.73 ± 1.73) and exhibited intrinsic firing properties consistent with native cINs originating from MGE or CGE ( Figure 5 ). Specifically, when recording the Dlx5/6-eGFP-transplanted cells (n = 3), we identified two non-fast-spiking interneurons and one that possessed CGE-derived character, which we have previously described as a sigmoid bursting cell (sIB) (Miyoshi et al., 2010) . This cell fired a burst of action potentials at low voltage threshold and upon further depolarization discharged in an adapting manner ( Figure 5A ).
When performing whole-cell recordings on transcriptionally specified cells (n = 23), consistent with their immunoprofile, the cells displayed action potential discharge patterns characteristic of both MGE-and CGE-derived cINs. In terms of the former, both typical fast-spiking basket cells (FS) and SOM-positive 
non-fast-spiking cells (NFS) were identified (Figures 5B and 5C).
The FS cells had an elaborate morphology ( Figure 5D ) and displayed a very short action potential half-width, sharp, and deep after hyperpolarization (AHP), and upon larger depolarization they were able to discharge at very high frequencies (Figure 5C ; Table S1 ). In terms of the CGE-derived cINs, both bursting nonadapting (bNA) and late spiking cells were found, which have been shown to be VIP-and reelin-positive, respectively ( Figure S7 ; Table S1 ). These results indicate that the transplanted cells undergo the normal time course for the development of passive and active intrinsic membrane properties. In addition, all the cells tested were found to receive spontaneous excitatory postsynaptic currents (sEPSCs) that had similar characteristics to those previously reported in the literature, demonstrating that the cells are embedded in the native network of neuronal connections ( Figure 5C3 ).
Modular Gain of Function of Candidate Genes Identifies Three Factors that Enhance Either the Specificity or Efficiency of Cortical Interneurons Produced
Having established that Nkx2-1 and Dlx2 worked to improve cIN differentiation and skew toward an MGE subtype fate, we sought to use this system to identify novel transcription factors that influence the generation of specific subtypes of MGEderived cINs. Our strategy for sequential expression of first Nkx2-1 and then Dlx2 is made possible by a tetracycline transactivator element binding to a bidirectional TRE ( Figure S4B ). Thus, by introducing a third transcription factor to the TRE that expresses in the opposite direction, another gene may be added to the cascade, coexpressed along with Dlx2 ( Figures  6A and S8 ). To streamline this process, a Gateway destination cassette was introduced to the other end of the TRE, allowing for directional recombination of PCR products cloned into a Gateway entry vector. In this manner, 12 MGE-enriched transcription factors with unknown function ( Figure S9 ) were cloned into the TRE-Dlx2 cassette and introduced into the NestinNkx2-1-IRES-tTA ES cell line separately, resulting in the generation of 12 separate transgenic lines ( Figure S8A ). Importantly, none of the candidate genes tested had a noticeable effect on neuronal differentiation into monolayer cultures as assessed by NST labeling and density. Differentiation was gauged by Dlx5/6-eGFP expression, and the results are summarized in Table 1 . Of the genes tested, three significantly increased Dlx5/6-eGFP expression over baseline Nkx2-1/Dlx2 GOF (249 ± 33 cells/ mm 2 ): Pou3f4 GOF (834 ± 24 cells/mm 2 ), Lmo3 GOF (397 ± 15 cells/mm 2 ), and Zbtb20 GOF (428 ± 10 cells/mm 2 ) (Table 1) . Pou3f4 (also known as Brn4) exhibited a particularly strong effect on differentiation in vitro, resulting in approximately 35% Dlx5/6-eGFP+ neurons in the monolayer cultures, a 3.4-fold increase versus Nkx2-1/Dlx2 GOF ( Figures 6B and 6C ) and a 25-fold improvement compared to the absence of transcriptional specification ( Figure S10 ).
An increase in Dlx5/6-eGFP expression may suggest that the candidate factor plays a role in cIN differentiation. To determine if this is in fact the case, we transplanted the Nkx2-1/Dlx2/Lmo3 GOF line and analyzed transplanted cells postnatally at P21. Little is known about the function of Lmo3 in the nervous system. The initial characterization of the Lmo3 null mouse reported no obvious defects, and mutant animals were capable of normal breeding (Tse et al., 2004) . In keeping with the in vitro differentiation results, Dlx5/6-eGFP proved to be a reliable predictor of tangential migration into the neocortex as the Nkx2-1/Dlx2/ Lmo3 GOF line had approximately 50% more cells in the cortex than did Nkx2-1/Dlx2 gain-of-function alone ( Figure 7B) . We found at P21 that Nkx2-1/Dlx2/Lmo3 GOF transplants contained a similar composition of MGE-and CGE-type cINs compared with Nkx2-1/Dlx2 GOF ( Figure S11 ). Within the MGE-type cINs, of Nkx2-1/Dlx2 GOF, Nkx2-1/Dlx2/LMO3 GOF, and Nkx2-1/Dlx2/Pou3f4 GOF; neuron-specific tubulin (NST; red) and eGFP (green). Nkx2-1/Dlx2/ LMO3 GOF (IHC n = 4); Nkx2-1/Dlx2/Pou3f4 GOF (IHC n = 5) (* p < 0.05; ** p < 0.01; *** p < 0.001). Data represented as mean ± SEM. See also Figures S8, S9 , and S10.
however, we observed a significant shift: more of the cells were Pv+, and there was a trend toward fewer SST+ cINs ( Figures 7B  and S11 ). Overall, we observed an overrepresentation of Pv+ cells (a 3:1 ratio PV:SST). This suggested that of the two main MGE cIN subtypes, Lmo3 might play a role in promoting Pv+ over SST+ identity. We therefore analyzed the Lmo3 null mouse (n = 5) as well as wild-type littermates (n = 4) to determine if parvalbumin+ and somatostatin+ cINs in the somatosensory cortex were affected. Wild-type littermate controls had numbers and distributions of parvalbumin and somatostatin in SS1 consistent with previous studies. By contrast, in Lmo3 null animals the total number of Pv+ cINs was significantly reduced, and there was a slight increase in SST+ cINs ( Figures 7C and 7D ). Neither the overall number of MGE-type cINs nor their layer distribution was significantly altered in mutants ( Figures 7D and S12A-S12C) . Furthermore, neither proliferation at e13.5 as measured by BrDU nor Lhx6 in situ ventrally and in the cortex at e15.5 was noticeably different between Lmo3 wild-type and null ( Figures  S13 and S14) .
The overall effect was that in Lmo3 null mice, Pv+ cells, which are normally the majority cIN type, were found in equal numbers to SST+ cells (a 1:1 ratio Pv:SST). The reduction in Pv+ cells was observed in all layers, while there was a trend toward increased SST+ cell numbers in layer V (Figures S12A-S12C ). The 1:1 ratio of PV:SST was also observed in all layers ( Figures S12D and  S12E) . Thus, the in vitro gain-of-function model of cIN development enabled us to reveal a previously unappreciated phenotype in the Lmo3 null.
DISCUSSION
This study aimed to achieve three goals: (1) improving overall cortical interneuron differentiation by transcriptional specification, (2) taking the initial steps toward the generation of specific cIN subtypes by demonstrating that known factors influence cIN fate in an appropriate manner, and (3) creating an in vitro assay system whereby candidate transcription factors expressed embryonically can be systematically assayed for their effect on subtype specific differentiation. In each of these efforts, we have succeeded in significantly improving the efficient generation of specific cortical interneuron subtypes. Central to our approach was the desire to assess the cells we generated in the most physiologically rigorous manner possible. We thus challenged the cells generated through in utero transplantation and subsequent analysis of their ability to tangentially migrate into the neocortex, assume their normal morphological and marker expression profile, and perhaps most stringently, acquire their appropriate intrinsic electrophysiological properties. The strong correlation between our in vitro and in vivo assessments of cIN differentiation suggests that our methods provide a robust approach for the systematic identification of factors that are able to both augment and direct the differentiation of ES cells into specific cIN subtypes.
In making progress toward the first of these goals, we have demonstrated that ES cells can be differentiated into cortical interneurons using an established protocol for telencephalic differentiation. We also provided a demonstration that ES-derived cINs are capable of undergoing normal in vivo development, as assayed by in utero transplantation. Strikingly, ES-derived cINs were capable of undergoing long-range tangential migration into the cortex as well as morphological differentiation indistinguishable from cINs in vivo. They also exhibited proper intrinsic firing properties and mature cIN subtype marker expression. Transcriptional specification greatly improved differentiation efficiency when two well-established interneuron genes (known to be critical for cIN development) were introduced; Nkx2-1 and Dlx2. Tangential migration as well as cIN subtype fate were also strongly influenced in a manner consistent with the established functions of these two transcription factors.
The central underlying logic to our approach is that developmental genetic analyses provide a framework for engineering the directed differentiation of cINs. Central to the intrinsic specification of cINs are Nkx2-1 and the Dlx genes. Nkx2-1 expression is very restricted in the embryonic brain, confined to the MGE, the ventral septum, and a small portion of the diencephalon. We and other groups have previously demonstrated the importance of Nkx2-1 in cortical interneuron development, as well as its role in imparting MGE-like character to neurons generated from this structure (Butt et al., 2008; Sussel et al., 1999) . Given its importance for cIN generation, it was somewhat surprising that Nkx2-1 under the transcriptional control of a general neural enhancer element (Nestin intron II) did not provide a greater enhancement of Dlx5/6-eGFP expression, although our results are consistent with a recent study in which Nkx2-1 was inducibly regulated by doxycycline (Petros et al., 2013) . One explanation is that Nkx2-1 functions in a context dependent manner such that if the cells are not competent to respond to Nkx2-1, its mere presence is insufficient for it to function in specifying interneuron identity. Indeed, in nonneural structures, Nkx2.1 is essential for both lung and thyroid development (Kimura et al., 1996; Minoo et al., 1999) . In addition, the influence of Nkx2-1 on cell fate is known to be temporally sensitive, so that if it is expressed too early or not sufficiently long enough, its influence on cellular identity and position varies. This idea is bolstered by findings in which genetic loss of function just prior or subsequent to exit from the cell cycle resulted in alternate cell fate or position (Butt et al., 2008; Nó brega-Pereira et al., 2008) . Indeed, we observed that not all cINs from the Nkx2-1 gain-of-function line adopted an MGE fate, as might have been predicted. This result emphasizes that even after the correct molecular determinants are identified, there remains a need for garnering maximal precision in the timing and level of their expression for optimizing directed cell fates. Nevertheless, transcriptional specification with Nkx2-1 was sufficient to drive some cIN differentiation in absence of Shh, whereas Dlx5/6-eGFP reporter line was dependent on exogenous Shh ( Figure S3 ). The effect was only partial because the addition of Shh to the dif- (E) Summary of gain, loss, and normal expression of LMO3 on MGE cIN subtype fate. LMO3 WT (n=4); LMO3 null (n = 5) (* p < 0.05; ** p < 0.01; *** p < 0.001). Data represented as mean ± SEM. See also Figures S11, S12, S13, and S14.
ferentiation medium further enhanced differentiation efficiency and suggests perhaps that there exist other Shhresponsive factors independent of the Nkx2-1 transcriptional cascade.
Dlx2 expression is both broader and less temporally regulated than Nkx2-1 and is expressed in interneurons later in their differentiation program (Eisenstat et al., 1999) . Dlx2 is expressed in most neurons generated from the subpallium, including the MGE, CGE, and LGE, and appears to be particularly important for the determination of GABAergic identity (Cobos et al., 2005; Stü hmer et al., 2002a) . By driving the expression of Nkx2-1 before Dlx2, we hoped to recapitulate the normal order of gene expression and perhaps provide the cells with more specificity by first imparting them with MGE character. It is important to note that there is no direct evidence that the Nkx2-1 transcriptional cascade is linked with Dlx2 and that these two genes likely represent distinct but converging molecular cascades involved in cortical interneuron development. Consistent with this idea, we observed a near doubling of the number of Dlx5/6-eGFP+ neurons when both pathways were engaged. It also resulted in an approximate doubling in the number of ESderived cINs found in the cortex at P21. The inclusion of Dlx2 did not, however, impact cIN subtype fate, which is in agreement with the previously reported role of Dlx2 in regulating cIN migration and specifying neuronal versus oligodendroglial fate (Petryniak et al., 2007) . In this regard, it is notable that the Dlx2 null mouse has a normal complement of MGE type cortical interneurons (Anderson et al., 1997; Qiu et al., 1995) .
The observation that corecruitment of Nkx2-1 and Dlx2 greatly enhances the induction of cortical interneurons demonstrates that the directed differentiation of ES cells can be enhanced by the appropriate use of genes known to play a role in cIN differentiation. By logical extension of these findings, we were able to optimize the genetic reprogramming strategy further by coexpressing candidate factors possibly involved in cortical interneuron development. This allowed us to test 12 genes unknown for their potential role in cIN in vitro differentiation. Three of these candidate genes significantly augmented Dlx5/6-eGFP expression over and above Nkx2-1/Dlx2 gain of function: Lmo3, Pou3f4, and Zbtb20. In particular, Lmo3 gain-of-function, in addition to an approximate 60% increase in Dlx5/6-eGFP expression, also augmented the production of PV+ cINs accompanied by a decrease of the SST+ population. Our subsequent analysis of the Lmo3 null animal revealed a significant reduction in Pv+ cINs and an increase in SST+ cINs without significantly affecting the overall number of MGE type cINs. Therefore, our in vitro gain-of-function model system accurately predicted a previously unreported phenotype in the Lmo3 null mouse.
Although its role in interneuron specification had not been described, Lmo3 has previously been described a target of Arx repression (Colasante et al., 2009; Friocourt and Parnavelas, 2011; Fulp et al., 2008) . Arx itself has been implicated in a number of neurological disorders, including early onset epilepsy, and plays an important role in cIN migration (Friocourt and Parnavelas, 2010; Kitamura et al., 2002) . However, despite the upregulation of Lmo3 observed in Arx mutants, Lmo3 gain of function did not phenocopy the migration deficits found in Arx null animals (Colasante et al., 2009) . This is consistent with our findings that Lhx6 in situ was normal in e15.5 cortex ( Figure S14 ), and layer distribution postnatally for Pv+ and SST+ cINs was normal in Lmo3 null mice ( Figures S12B-S12E ). It will be interesting to employ our in vitro system to follow up on our findings and help provide insight mechanistically as to how Lmo3 is acting on Pv+ cIN development.
Like Lmo3, Pou3f4 dramatically increased differentiation efficiency (a 4.5-fold increase-approximately 35% Dlx5/6-eGFP+). Loss-of-function analysis of Pou3f4 mutants, has not been implicated in the generation of cINs; rather, it has been associated with deafness in both mouse and humans (Kandpal et al., 1996; Minowa et al., 1999) . It is interesting to note, however, that Pou3f4 has been reported to augment differentiation toward neural stem cells and dopaminergic neurons and might therefore act generally to enhance in vitro neural differentiation in the presence of other instructive intrinsic cues (Han et al., 2012; Tan et al., 2011) . This is consistent with the overall broad expression exhibited by Pou3f4 in the embryonic brain. Taken together, our work highlights that loss of function per se may not always provide the most robust approach for identifying genes that have utility in the induction of specific neuronal subtypes, including cortical interneurons. At the very least, our findings indicate that complementing loss-of-function analysis with gain-of-function approaches will be highly fruitful as a means to identify genes that facilitate the generation of particular cIN subtypes. Thus, we anticipate that this model system can be broadly employed to systematically assay genes developmentally expressed in the MGE, with the aim that large numbers of specific, pure populations of cortical interneuron subtypes can be generated in future.
There is increasing evidence to suggest that cortical interneurons play a significant role in the etiology of numerous neuropsychiatric disorders. Their role in normal brain function is an area of intense study and, given their large diversity as a neuronal population, it is perhaps unsurprising to find that they are involved in a multitude of different circuits, impacting and shaping information coding and processing. Hence, we believe the approach we present will be of great value not only for allowing the generation of cortical interneurons in large numbers in vitro but to do so in a manner that permits their identity to be directed to specific subtype identities. As little is known about how individual subclasses of cINs are specified, such approaches depend upon identification of critical transcriptional cascades that underlie their diversity. As such, our development of a high-throughput approach for examining the function of candidate factors provides a robust method for identifying such factors. The potential to follow up such molecules through genetic and biochemical analysis provides a promising starting point for drug discovery, as well as for studying the contribution of novel genes to both normal and abnormal brain function.
EXPERIMENTAL PROCEDURES ES Cell Differentiation
Differentiation of ES cells to become cINs was adapted from a protocol previously described for generating telencephalic precursors (Watanabe et al., 2005) . Briefly, ES cells were maintained for two passages on gelatin (Millipore) in the absence of feeder layer cells prior to differentiation. Cells were then passaged with 0.05% trypsin-EDTA (Invitrogen) and added to the center of the well (35,000 cells/well) of a non-TC-treated 24-well plate (BD Falcon) containing 800 ml of ''SFEB medium'' (Glasgow's Minimal Essential Medium with KnockOut Serum Replacement [both from Invitrogen]) and Dkk-1 (R&D Systems; 25 ng/ml), designated day 0. Care was taken not to disturb the cells in the center of the well as they aggregated into embryoid bodies (EBs). On day 4, EBs and medium were transferred to 1.2 ml microtiter tubes (USA Scientific) and allowed to settle to the bottom. Old SFEB medium was removed, and 800 ml of new SFEB containing Dkk-1 and SHH N terminus (R&D Systems; 5 mM) was added. EBs and new medium were then returned to the 24-well plate for further differentiation. On day 6, SFEB medium was changed again, and Dkk-1 was no longer added to SFEB. Medium was changed similarly every 3 days until day 11, at which point embryoid bodies were dissociated for subsequent experiments.
Processing Cells for Immunohistochemistry
For imaging differentiating embryoid bodies, day 3 EBs were gently and incompletely dissociated with Accutase (StemGent) (10 min, 37 C followed by gentle trituration with P200 tip 5-103) and plated on 4-chambered slides coated with poly-L-lysine/fibronectin at a 60,000 cells/cm 2 . Adherent cells were grown in the same medium (SFEB) as floating embryoid body cultures. Medium was changed at the same intervals. At day 11, adherent cultures were fixed with 4% PFA for immunohistochemistry. For neuronal monolayer cultures, day 11 EBs were gently and completely dissociated with Accutase (15 min, 37 C followed by gentle trituration with P200 tip 10-153) and plated at 200,000 cells/cm 2 on poly-L-lysine/laminin and maintained in Neurobasal + B27 medium. Five days postplating, neurons were fixed for immunocytochemistry (see the Supplemental Experimental Procedures for more detail).
Cell Transplantation
A detailed description of ultrasound backscatter-guided transplantation has been described previously (Liu et al., 1998; Nery et al., 2002; Wichterle et al., 1999 Wichterle et al., , 2001 . Briefly, day 9 EBs were gently dissociated with Accutase (15 min, 37 C followed by gentle trituration with a P200 tip) and then incubated with adenoassociated virus encoding CAG-eGFP for 3 hr in suspension. Medium was then changed, and by this point the cells were already reaggregated into EBs. At day 11 SFEBs were incompletely dissociated with Accutase (10 min, 37 C followed by gentle trituration with P1000 tip 5-103), spun down 270 3 g for 5 min, resuspended into a dense slurry of 500,000 cells/ml in Neurobasal + B27 + 0.001 U/ml DNase, and stored on ice. Cells were frontloaded (Narishige MO-10 micromainpulator) into a pulled and sharpened glass pipette (carefully beveled with a microgrinder (Narishige) to 25
, creating an opening of approximately 30 mm), and delivered into the MGE of e13.5 Swiss Webster embryos using ultrasound-guided backscatter microscopy with the Vevo 770 system (VisualSonics, 40 MHz probe 704). Following surgery, the uterus was carefully replaced, and the dam was sewn up, allowing host pups to be birthed normally. At postnatal day 21, host animals were anesthetized and transcardially perfused in preparation for immunohistochemical analysis. Alternately, they were euthanized at postnatal day 18 and processed for slice electrophysiology. Number of replicates per transplant group used for cIN subtype analysis by immunohistochemistry (IHC): RCE n = 6; Dlx5/6-eGFP n = 8, 388 cells; Nkx2-1 GOF n = 7, 912 cells; Nkx2-1/Dlx2 GOF n = 6, 1,281 cells; Nkx2-1/Dlx2/LMO3 GOF n = 7, 1196 cells.
To control for unwanted AAV infection of host tissue, cells were labeled and dissociated for transplant as described above and then spun down at 13,000 3 g for 10 min, killing the cells (assessed by typan blue staining). The resultant pellet was similarly resuspended and transplanted. No eGFP+ cells were observed in such transplants in the transplant site or in the cortex at P21. For neural stem cell transplants (Sox1-eGFP ES cell line), embryoid bodies were partially dissociated at day 4, labeled with GFP-AAV, and allowed to reaggregate. At day 6 cells were similarly transplanted into e13.5 MGE in utero as described above. In parallel, Sox1-eGFP EBs were partially dissociated at day 4 and reaggregated without AAV. These cells were then analyzed by FACs at day 6 to gauge differentiation efficiency (>90% Sox1-eGFP+).
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